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INTRODUCTION

The general objective of the work reported here was to apply

the Electron Paramagnetic Resonance (EPR) technique to the charac-

terization and monitoring of impurities and dopants in silicon

detector materials. The investigations were conducted in coopera-

tion with Dr. Patrick M. Hemenger of the Air Force Materials

Laboratory (AFML)/LPO, who supplied all of the samples measured.

Results have been coordinated with him and his colleagues.

Silicon is the focus of the detector materials pzogram. The

anticipated requirement for large detector arrays makes it desir-

able to apply the extensive technology of semiconductor devices

to the infrared detector effort. The general objective for this

work is to develop detectors for the 1 to 25 micrometer range.

Pure silicon is limited in its response tc wavelengths of 1.1

micrometers or less. In order to extend this range, impurity

atoms must be incorporated into the silicon. Current dopants of

interest include indium-doped silicon for response in the range

of 3-5 micrometers and gallium-doped silicon for the 8-14 micro-

meter range. These extrinsic detectors may be used in a monolithic

integrated circuit technology. The requirement that the detector

array have a uniform ability to detect and respond from element

to element dictates impurity uniformity and the precise control

of defects. Dopant concentrations range from 1016 to 1017 per

cubic centimeter, and impurity concentrations are as 
low as 1012

per cubic centimeter. This requires careful materials character-

ization. AIR WR03 OFFIC OF SCIMTIFIC UEARCU (AISC)

NOTICE OF TPANS1ITTAL TO DDC
This toolmicol roport has been reviewed and is
approved for public release IA AR 190-1* (7b).
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The doping of silicon is achieved by introduction during

growth, by thermally controlled diffusion, or by ion implantation.

The electrical properties, the time response of the device, its

operating temperature, and its optical sensitivity are affected

by the presence of impurities. To optimize these characteristics

of the detector, careful measurements of optical and electrical

properties must be made as a function of temperature. Optical

properties of interest include spectral absorption, photolumin-

escence, and photoconductivity. The electrical transport proper-

ties, primarily resistivity and Hall effect, are the responsi-

bility of Dr. Hemenger. With these measurements various detector

materials are characterized, including the influence of processing

methods such as thermal treatment, ion implantation, or transmuta-

tion doping.

The performance of silicon infrared detectors is dependent

on starting material quality. The degree of purity of the crystal

depends on the method of growth. The work summarized in this report

includes samples grown by the Czochralski method in quartz crucibles

and by vacuum multiple float zoning. The float zoning method in

general is more attractive because of lower impurity concentrations.

Undesired and often unknown defects have a negative effect on

the properites of detectors. These often result from crystal growth

or detector fabrication. Heat treatment during processing of the

detector, or annealing of ion-implanted or neutron-transmuted mate-

rial may cause a redistribution of necessary dopants, or may intro-

duce unknown and undesired centers. The EPR technique has been

employed1 in the identification of various defects in silicon,

and thus its use in this project.
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EXPERIMENTAL

in this study a total of 55 silicon samples were investigated

via EPR measurements. Included were crystals doped with Boron,

Galliu, or Indium, as well as some without intentional doping.

Some were electron irradiated; some were annealed. Details follow.

1. Samples

7n Table 1 is given a listing of the samples examined, along

with intentional dopants and treatments. All were singie crystals

in wafer form in the neighborhood of half a millimeter thick. Con-

centrations were inferred from Irvin's p-type resistivity curve.

2. Ecuipment

-he device that was used in the study is a modified form of

the Varian Associates Model 4500 series EPR Spectrometer. This

x-band spectrometer operates at about 9.5 Gigahertz, or about 9.2

Gigahertz with a quartz dewar inserted. The external magnetic

field for the Zeeman splitting is provided by a Varian 12-inch regu-

lated and water-cooled magnet with field scanning provisir As. The

microwaves are produced by a klystron, are distributed by a micro-

wave bridge, and are detected by a crystal detector. The original

hybrid tee bridge has been replaced by a more efficient three-port-

circulator arrangement. The klystron is stabilized with automatic

frequency control. The spectrometer currently operates in the

absorption mode.

This spectrometer has a 100 kilohertz crystal controlled oscil-

lator which generates the field modulation frequency, and a high

gain amplifier and phase detector for detection of the EPR signal.

3
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Table I SAMPLES EXAM-INED

SAMPLE AIR FORCE MATERIALS DOPANT AS GROWN ELECTRON ISOCHRONAL ISOTHERMAL
NUMBER LABORATORY NUMBER MEASURFMENT IRRADIATION AN.NEAL ANNEAL

1 3605 - x

2 3605 - x

3 CZ-185 In x x
4 DC 002-918 In x
5 GZ 163-26 In x
6 O01-005-xxxx In x
7 W-NTD P x
8 0Cl-011-WG 004 #60 In x
9 W-XTD P x.

10 W-NTD P x
11 001-01 l-xxxx P x

12 034-131-0046 Ga x
13 050-155-0044 In x
14 05D-151-0045 In x

15 0024.5 In x
16 0023.5 In x ¥

17 031-119-0098 B x18 3605 -x X\" rj"
19 3605 -x x '

20 NTrD-2 P x x

21 011-219-0245 In x x x
22 011-219-0246 In x x x
23 011-223-0247 In x x x
24 011-223-0248 In . x x

25 011-224-0249 I x xx
26 011-224-0250 In x x27 011-228-0251 Inxx x % \ ",

28 011-228-0252 In x x x ec

29 011-228-0253 In x x
30 011-223-0247 In x
31 131-368-0412 Ga x
32 132-369-0413 Ga x
33 133-370-0414 Ga xi 34 130-365-0415 B x
35 130-366-0416 1 x x
36 130-367-0417 B x x

37 129-362-0418 B x x
38 129-363-0419 B x x
39 129-364-0420 B x
40 3605 - x
41 KTD-2 P x
42 001-009-0411 In,B x
43 3605 - x x
4" 3605 - x x
45 034-131-0478 Ga x
46 1202 - x
47 1202 - x x
48 4802-3 - x a
49 4802-3 - x x
50 032-119-xocx x a
51 032-119-xxxx I x
52 032-119-xxxx $ x x
53 011-223-0248 In x x

54 032-199-xxxx B x
55 032-199-xxxx 5 x
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Without signal averaging the spectrometer can detect 1012 ± 25% spins.

Due to the weak intensity of the EPR lines observed in silicon, a

signal averaging technique was employed. Two units have been used:

a Varian C-1024 Time Averaging Computer, and a Tracor Northern TN-1710.

Both yielded spectra with adequate signal-to-noise ratios.

3. Treatments

In this study some samples were electron irradiated. The

irradiations were done at room temperature on a 1 MeV Van de Graaff

accelerator with electron fluences ranging from 1015 to 1017 elec-

trons per square centimeter. The samples were exposed from both

sides of the wafer. All irradiated samples were maintained at

liquid nitrogen temperature until the firs: EPR measurements.

Many of the samples were annealed. The heat treatment was done

in a Blue M Stabil-Glow tube furnace with temperature control. The

samples were on a quartz boat in a quartz tube and were bathed in

an argon atmosphere during heating and cooling. The samples were

sandwiched between ultra-high purity silicon wafers during treatment.

The furnace was brought to temperature before the boat was inserted.

At the end of the anneal time, the boat was quickly pulled to the

end of the quartz tube and kept in the argon atmosphere until its

return to room temperature. All samples were given an RCA wash

cycle before each anneal and were measured by EPR just afterwards.

When isochronal anneals were done, the time at temperature was

one-half hour and the temperatures range in 100 degrees steps from

250 0C to 7500 C or 10500 C. The isothermal anneals were performed at

550 0C for total times ranging from one-half hour to 16 hours.

"! 5



4. Measurements

For the ER measurements signal averaging was employed. Typi-

cally 25 sweeps produced a useful spectrum. For magnetic field

calibration and intensity calibration, a manganese marker was per-

manently installed in the EPR cavity. The marker employed was

2forsterite, a material characterized earlier by the principal in-

vestigator. Its location in the cavity was such that its phase

was oppcsite to that of the sample, making differentiation easy.

The marker has a six line hyperfine spectrum which spans some 435

gauss centered near g = 2. Lines three and four were used for g-

value measurements, and intensity measurements were made relative

line three.

Both g-value and intensity calibrations were made relative to

a standard reference of 0.00033% pitch in KCI.

5. Related X:easurements

At AF.C. Dr. Hemenger and his colleagues are involved with

measurements of Hall effect, resistivity, spectral absorption,

photolurinescence, and photoconductivity. Where possible, the EPR

measure=ents were coordinated with the above, mostly Hall effect

and resistivity.

OBSERVATIONS

The thrust of this project was divided into two parts, one

specific project and a second more general one. The first was a

study of indium-doped silicon and was an attempt to aid in the

understanding cf the so-called "X-level." This understanding is

very important to the development of detectors for the 3-5 micrometer

range. he second part was a more general study of defects in

silicon detector materials using Electron Paramagnetic Resonance..

6



1. Si:In X-level

The study of indium-doped silicon for use as a detector in

the 3-5 micrometer range has led to an interesting puzzle, the

identity of the "X-level." A new acceptor level located at

0.111 * 0.002 eV from the valence band has been observed 3 in

indium-doped silicon. It is believed to be in all Si:In samples

except when masked by overcompensation. The existence of this

level with an ionization energy significantly less than that of

In, 0.156 eV, reduces the maximum temperature for background-limited

performance. The usual method of eliminating the effect on low

temperature behavior by cvercompensating the shallow impurity center

is undesirable here due to the degradation in photoconductive pro-

perties that would result. Identification of and control of this

defect is obviously needed.

In order to explore this problem an EPR study was initiated in

cooperation with Dr. He=enger and his colleagues. It was a coordin-

ated effort that combined EPR, Hall effect, photoluminescence, ab-

sorption, and photoconduc:ivity measurements to study the effect

of electron irradiation cn in-doped silicon. Samples of Si:In and

wafers of high purity silicon were used. The experimental samples

included eight EPR samples, four Hall samples (van der Pauw con-

figurations also used for photoconductivity), four luminescence

samples, and two absorption samples. All of the Si:In samples were

cut from the same boule.

7 wat.
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To achieve a variation in the measured concentration of the

X-evel defect, the technique of electron irradiation was used.

Four fluences of electrons were used to seek a relationship between

the concentration of X and the fluence. Isochronal annealing of

the samples followed the irradiations.

Electron irradiation of Si:In has been observed4 '5'6 to

change the apparent concentrations of residual impurities, as

measured by Hall effect, as well as the concentration of :he major

dopant. This combined study was initiated to extend these findings.

Since the time frame available for the EPR study was considerably

shorter than that for the rest of the study, two sets of EPR samples

were irradiated. One set was annealed immediately, while the other

set have been annealed along with the samples for the other measure-

ments. As of this writing, that set of anneals has progressed to

550CC. Both sets of anneals were done in an identical fashion.

The first set of samples have been through two complete anneal

cycles, and a control sample through a third. These results are

su.--.arized in two papers that have been presented and which are

reproduced in Appendices A and B. The data does not suggest obser-

vatior. of the x-level, but at least two other possibilities are

identified in the Appendix B paper. They are an aluminum-inter-

stitial/aluminum-substitutional complex (G-20 spectrum) and a PI-

center, a pentavacancy cluster. Also there is some evidence of a

line corresponding to dangling bonds. It is useful to note that,

where the transport studies have been completed, it was necessary

to include an aluminum inpurity to fit the data. Also it should be

noted that ordinarily EPR spectra is not observed from acceptor do-

pants in silicon in the absence of externally applied stress.

h
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Ai this point in time it is not possible from EPR alone to

identify clearly the cen:er or centers responsible for the ob-

served spectra in electron-irradiated Si:In. Confirmation awaits

completion of the transport work at AF,4L. Interaction will continue.

2.Silicon Defects

EPR studies in silicon damage have been particularly success-

ful, as demonstrated by the early series of papers7,8,9,10,11 by

Watkins and co-workers. Various reviews12 ,13,14 of the subiect

have appeared over the years.

ion implantation is a useful technique for introducing dopants

into the silicon crystal. In the process, ions of a particular

iMpurity element, such as boron or phosphorus, are shot from an

accelerator into a crystal such as silicon. The choice of the

injecting energy determines the depth to which the silicon is doped.

However, two major problems limit the desirability of ion implan-

taticn. The bombardment with high-energy ions disrupts the orderlv

aranzement of the crysta. lattice giving much surface damage. In

addition the ions do not all settle in substitutional lattice sites

to become donors or acceptors. This damage lends itself tc study

by EPR.

Several boron-implanted silicon samples were examined along

wit'h some conventionally doped Si:B. Significant differences in

spectra were not observed either in the as-grown state or after

annealing. Details are given later in this section.

A useful process for donor doping is neutron transmutation

doping. The process is based on converting 30 Si to 31Si by an

(n, ") reaction via thermal neutrons from a reactor. The 31 Si

9



decays by negative beta decay to 3 1P, the impurit-. sought. The

donors produced are distributed uniformly throughout the lattice.

Also the rate of production of dopant can be carefully controlled.

These two major advantages of neutron transmutation doping are

offset somewhat by the radiation damage effects that occu.r during

the radiation. Several neutron transmutation doped samples were

examined during this study. The details on one of them are given

in the paper in Appendix C.

a) Dopant Survey

The main thrust of this part of the study included a survey

of samples with a variety of dopants. They included two boron,

one implanted and one conventional, one galli-., cne indium, one

phosphorous via neutron transmutation doDing, and one undoped

sample. The details of the as-grown measurements and the iso-

chronal annealing studies are given in the paper reproduced in

Appendix C. There it is clear that the sour acceptor-doped samples

all have a line near the g-value for dangling bonds before anneal.

After anneal, each has a line, or lines, vith lower g-values; in

fact, these values are near that of the neutron transmutation

doped sample. The undoped sample showed no line in the as-grown

state, but acquired a line with the lower g-value upon anneal

in 100°C steps. However, for comparison, another piece of the

same wafer of undoped material treated only to one half-hour

anneal at 550°C, exhibited no line afterwards. This same result

was repeated later with another pair of samples from the same

wafer.

10



In that paper the change in magnetic field location of the

observed line and hence the inverse change in g-value is detailed.

There it is concluded that the most likely sources of the line,

or lines, are dangling bonds and the P1, or pentavacancy, center.

b) Boron Concentration Study

Since significant boron impurity concentrations are present

in most silicon detector materials, a more detailed investigation

of Si:B uas undertaken. Three samples from each of three boules

with different boron dopant concentrations were used. Each was

measured in the as-grown condition. From each trio, one was

annealed isochronally and another isothermally.

The as-grown samples each exhibited a line with a g-value of

2.0059 ± 0.0002. The relative intensity of the line decreased

slightly as the boron concentration increased. (For concentrations

per cm3 of 6.5 x 1014, 3.0 x 1015, and 5.3 x 1017, the relative

intensities were 1.00, .73, and .51). During the isochronal anneal-

ing treatment, the shift in magnetic field location of the line

was monitored. For the three concentrations, this information is

plotted in Figure 1. Notice that the increase in field location

(as measured from the third line of the manganese marker), and

corresponding reduction in g-value, is almost identical for the

two lower concentration samples. The change is much less orderly

for the higher concentration sample. There is, however, a rather

common lower limit on g for the three around 2.0024, corresponding

to the maximum g-shift on each graph.

For contrast to the above temperature variation of g, an

isothermal anneal was conducted at 5500 C, where many of the intensity

11
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vs. temperature curves peaked. These results for the three con-

centrations are shown in Figure 2. The curves for the three

concentrations are quite similar, each starting at about g = 2.0059

and saturating around g = 2.0025. Each curve had saturated after

a total anneal time of two hours. The intensity of the line

during this isothermal anneal varied in a strange way. As seen

in Figure 3, it increased rapidly during the first hour, then

drcped abruptly thereafter. It appears tnat the defect respon-

sible for the line grew as some other defect annealed out, and

then rapidly annealed out itself.

The shift in g-value in these samples appears to support the

theory that there are at least two lines present, and that their

relative intensities vary, shifting dominence from one to the

other upon treatment.

c) Gallium Concentration Study

Due to the desirability of gallium doping for extending the

infrared detection range, a similar study -.-as initiated for Si:Ga.

Samples w,:ith four different gallium concer.:rations were used and

compared to some undoped silicon samples. Sinilar to the Si:B

samples, a line was observed in each in the as-grown condition.

(For concentrations per cm3 of 8.0 x 1014, .7 x 1015 6.0 x 1015
and 1.5 x 1017, the relative intensities were 1.00, .66, .97, and

a. 1.' sxie 10resened In

1.Z5). During isochronal anneal. the intensities presetEd In

Figure 4 were observed. The data nicely fits a quadratic expressicn.

For the same crystal the g-shift was monitcred as reported in

Figure 5. Its shape is very similar to that of the high concen-

tration Si:B. It also shifts from some 2.0059 as grown to a

saturated value around 2.0024. This also suggests at least two

lines.

13
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For comparison an undcped silicon sample was isochronally

annealed in a similar manner. Its graph, plotted in Figure 6,

is quite similar to that of Si:Ga. It also can be fit to a

quadratic. While its shape is quite similar, its maximum height

is just about half of that of Si:Ga. For the undoped crystal,

the g-value was also monitored during the ischronal anneal. As

shown in Figure 7, it is quite similar to Si:Ga. In order to gain

more information on the shift from "high" g to "low" g, an iso-

thermal anneal was conducted on this sample. The result, shown

in Figure 8, is very similar to earlier plots, with the g down-

shift occuring in the first half-hour. Once again, there is strong

evidence for at least two lines due to two defects, with the

relative intensities varying independently with treatment.

d) Survey of g-values

From the variety of measurements made and reported in this

report, a general pattern has emerged with respect to g-values.

It appears to hold in over ninty-five per cent of the g-value

measurements. A variety of values is listed in Table 2, where

all measurements taken from 250 gauss sweeps are reported. Many

other measurements were also taken on 100 gauss sweeps. However,

these are not as accurate, although there is good general agreement

with those listed in Table 2. From that table it is obvious that

almost all as-grown measurements yield a g-value near 2.0059. On

the other hand, samples that have been electron irradiated, neutron

bombarded, or heat treated, have lower g-values, mostly near 2.002L.

It appears that there are at least two lines, on with "high"

g-value and the other with "low" g-value, corresponding to the

two extremes. Intermediate g-values probably result from a mixture

when the two intensities are similar and the lines not properly

resolved.

18
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Table 2 SELECTED C- 'r..S

S.AM LE TV.TEFVTURE TIME G-Vt.LUE
-ER DOPANT (6C) (MIWTEF) (±0.0002)

3 In 550 30 2.0028

3 In 650 30 2.0032

3 In 750 30 2.0027

12 Ca 0 0 2.0061

13 In 550 30 2.0029

13 In 650 30 2.0326

13 In 750 30 2.0024

18 - 750 30 2.0032

19 - 550 30 2.0028

19 - 650 30 2.0036

20 P 550 30 2.0027

20 P 650 30 2.0026

20 P 750 30 2.0037

20 P 750 30 2.0033

21 In 750 30 2.0039

27 In 750 30 2.0045

29 In 550 30 2.0029

29 In 650 30 2.0030

29 In 750 30 2.0023

31 Ga 0 0 2.0060

31 Ga 550 30 2.0032

31 Ga 750 30 2.0028

36 B 0 0 2.0062

36 B 550 30 2.0025

36 B 750 30 2.0020

37 B 0 0 2.0061

38 B 0 0 2.0052

38 B 550 30 2.0027

38 B 750 30 2.0023

42 In,B 0 0 2.0059

44 - 750 30 2.0047

46 - 0 0 2.0060

47 - 0 0 2.0057

48 - 0 0 2.0040

49 - 0 0 2.0024

50 B 0 0 2.0036

52 B 0 0 2.0057

53 In 0 0 2.0076

53 In 550 60 2.0036

22
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All of the evidence gathered in this project pcints to a

conclusion that at least two, and Dcssibly more, room temperature

EPR lines of very low intensity are observed in silicon. in the

as-grown samples g = 2.0059; after electron or r.eutrcn irradiation

or annealing treatments, a line with about g = 2.0024 grows to a

large intensity around 550 0 C. The line in the virgin material

appears in boron, gallium, or indiu-m doted material cr in undoped

material. Since the g-value is essentially the same in all, this

suggests some inherent defect in silicon such as dangling bonds.

Reports 1 5 ,16 of such observations have been made recently.

Electron1 7 and neutron1 8 irradiation introduce a variety of

defects. Some that are important from 150 to 35DC are the

phosphorus/vacancy complex (E-center), :he oxygen'vacancy complex

(A-center), and the divacancy. Others include G-20 and P-1.

Aluminum complexes are an attractive possibil t.,, and the transport

studies done in cooperation with this project are consistent with

that possibility.

From this study one can tell the 2eneral tyes of defects to

4 e fo'und in silicon detector materials. It is no-.- clear that a

more sophisticated approach to spectral analysis is needed, perhaps

commuter simulated spectra. Such a study alcng with the future

results of the transport and optical studies in progress a:

AF> could lead to precise determina:ior of the defects involved.
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4 ? PRESE:NTATIONS

The Electromagnetic ',aterials Division of the Air Force

.-aterials Laboratory has a Laser and Optical .a:erials Branch.

-his branch has an infrared detectors project via V'JD-:-8.

During the course of this project the Principal Investigator

regularly attended the monthly ,%TD meeting. Or. four occasions

he gave that group presentations on this work.
- this point i. tie, t-hree papers on this ::cr have been

7resented at professional neetings of the Anerican. Physical So-

dety. Two more are planned for this Fall. The first three

arc reproduc ed and referenced in Appendices A, I, and 2. The

rer, a.ning two are outlined in the text. The titles are:

) "A.n EPfl Study of Electrcn-irradiated Indiunm-doped Silicon."

(Appendix A).

2) "An Annealing Study of Indium-doped Siliccn after Electron

rradiation." (Appendix B) .

3) "EPR MYeasurerments in Silicon Doped with Boron, Gai1iu., or

-ndiu-. Acceptors." (APpendix C).

4. "An Annealing Study' of Boron-doped Silicon via EFR"

(Observations, Section 21).

5. "EPR in Silicon as a Function of Dopant Gallium Concentraticn."

(Observations, Section 2c).

It is anticipated that -_he entire project vill be surmarized

in a later journal article.
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APPENDIX A

Abs:rac: Sub=-'::ed

for :he Fall eeting of the

Ohio Section of the Americar

Physical Society

November 2-3, 1979

Reference: Bulletin of the American Physical Society 25, 461 (1980)

An ER S:ud' of Eiectrc'.-irra::atec .ndium-doved
* Silicon.* J.N. ZDZP and G.K. --27R, U nl:. of Davton
* hvsics De-artmen.: and S.R. iZTE v. of Sav:on Re-

search institute.--We present a reliinary report of
electron paramagnetic resonance teasuremen:s or. 1 MeV
electron-irradiated indium-doned siliccn. Four fluences
ranging from 101 6 to 107 electrons per square cen:imeter
were employed. A reso&ance line near g-2 c'served at
room teiPnerature and a: 77 K in unirradia:ed samples was
altered in intensity by electron bomhardment. Some
possible models il! be examined.

*Supported in part by USAF Office of Scientific Research
and USA7 .Maerials Laboratory.
-INSF Undergraduate Research Participant,



"An EPR Study of Electron-irradiated Indium-doped Silicon"

We would like'to present preliminary results of electron paramagnetic

resonance (or EPR) measurements on one-MeV electron irradiated indium-

doped silicon. The experiment was initiated because of reports by

Swaminathan, Lang, Hemenger and Smith that the transport properties

of indium-doped silicon were altered by electron irradiation. In their

work they reported the observance of an unknown level, also seen by

others, and generally referred to as the x-level. That group and other

coworkers have now set out to perform additional measurements that

include optical and transport studies. The present EPR study is coor-

dinated with these experiments.

All the samples investigated in these experiments were cut from

a single boule of Float-zone indium-doped silicon. The EPR samples were

cut into wafers about one-half of a millimeter thick and had a mass in

the neighborhood of 50 milligrams. A total of ten samples were studied.

The treatment of the samples is shown in the first slide. Two each

were irradiated at each of four electron fluences ranging from 1016 to

10 electrons per scuare centimeter. The remaining two samples served

as controls, one of which has annealed with the irradiated samples.

The irradiations were done on a 1 XeV Van de Graaff accelerator with the

samples exposed from both sides of the wafer. All irradiated samples

were maintained at liquid nitrogen temperature until the first EPR

measurements.

The samples were oriented so that the 100 - direction was along

the magnetic field. The spectrometer used was an x-band Varian Model

4500 Series. Due to the weakness of the signals at room temperature and

at liquid nitrogen temperature, signal averaging was employed. Reasonable

signals for most samples were collected in 25 sweeps. For the measuring

of g-values and relative intensities, a manganese marker was permanently

installed in the cavity. The next slide shows that its location



was such that the phase of its EPR line was opposite to that of the

unknowns. The marker has a line approximately 50 gauss down field from

the observed silicon line near g = 2 and was used for monitoring. The

separation in gauss between the reference line and the sample line

could be measured accurately. Also the height of the reference line

was used in the measure of relative intensity.

The annealing was done in a furnace with temperature control

as shown in the next slide. The samples were on a quartz boat in a

quartz tube and were bathed in an argon atmosphere during heating and

cooling. The samples were sandwiched between ultra-high purity

silicon wafers during anneal as pictured in zhe next slide . Only half

of the samples were annealed in the measurements reported here. They

included one from each electron fluence and cne control. Eight thirty-

rminute anneals were done starting at 250°C, and going in 100°C steps

to 95C°C. The furnace was brought to temperature before the sample boat

was inserted. At the end of the half-hour anneal the quartz boat was

pulled to the end of the quartz tube and kept in the argon atmosphere

until its return to room temperature. All samples were given an RCA wash

cycle before each anneal and were measured by EPR just afterwards.

The results of the electron bombardnent of two samples at each

of four fluences is shown in the next slide. :he vertical axis is the

ratio of the intensity after irradiation so that before for the silicon

line. The horizontal line near the center is unity. The fluence is

plotted on the horizontal axis. Notice the good agreem'ent between

the two samples at each fluence. The samples with the lowest fluence

experienced approximately a fifty percent increase in intensity. The

others all decreased in intensity, the largest change noted in the

second largest fluence samples. Each point represents averages of

from three to six independent measurements at room temperature.



The irradiated samples were kept at 77 K until the first EPR measurements.

A series of measurements were made as a function of time for several

days thereafter to check for any room temperature annealing. No

systematic variation was observed beyond the 17% experimental uncertainty

estimated for the relative intensity measurements. The same line was

examined at 77 K in several samples and the variation in intensity as

a function of temperature is displayed in the next slide. The intensity

at 77°K is about eight times that at 300 CK. The variation of intensity

with temperature of anneal is shown in the next slide for the crystal

which received the smallest fluence of 6C electrons per square centi-

meter, and the one with largest increase in intensity during bombardment.

Note that the intensity increases to 550 C and then drops abruptly

above that temperature. The next slide is a comparable plot for the

sample with 5 x 1016 electrons per square centimeter, and the one with

the largest decrease in intensity during bombardment. The shape of

this curve is similar with the large peak at 5500 C. The other samples,

including the annealed control, exhibit this peak at 550°C, but the others

grow more slowly with temperature, as for example the control in the

next slide. It was also observed that at higher anneal temperatures the

silicon line shifted to larger magnetic field values and thus lower

g-values. The shift in field location is rather uniform in some samples,

for example the 5 x 1016 cm2 sample in the next slide, but not in others

for example the control in the next slide. Here one could suggest

that two different lines are observed at different temperatures.

The composite g-shift is similar to the control where it is difficult

to establish the pattern. Of course, there would be a pattern only if

the phenomenon is the same in all samples even though they had different

electron fluences.

,I



The primary defects produced by one MeV electrons in silicon are

isolated vacancies and self-interstitials. However, at room temperature

these defects are very mobile and are probably not significant in these

measurements since the irradiations were perform.ed at room temperature.

The samples were immediately stored at 770K until measurement, however,

the lack of change in the EPR spectr:-. as a function of time after

elevation back to 300 K confirms that these primary defects are not

important. The dominant defects stable after room temperature irra-

diation are defect complexes which are produced when mobile primary

defects are trapped by impurities and other defeats. Corbett has

cataloged well over one fifty such defects, nost with an EPR g-value

near 2. Thus unique identification is most difficult. One possibility

suggested by the temperature dependence of the intensity is an

aluminum-interstitial/aluminum-substitutional complex reported by

vatkins. It is unique in that it is formed at about 500°C and anneals

away at about 600 0 C, just as most of the intensity in our line, or lines,

does. Additional evidence for this defect ccmes from the fact that the

transport studies have suggested that an aluruinmu impurity is necessary

to explain the resistivity and Hall effect data. Fowever, additional

evidence will be required to verify this tentative assignment.

This preliminary study has given us a general indication of what to

expect in electron irradiated silicon. As we examine the second set

of samples via anneal, we will look carefully in the neighborhood

of 500 C for intensity changes, and look carefully at all temperatures

for shifts in the g-value. In addition we will attempt to correlate

our results with those on optical and transport properties. I would

like to acknowledge the support of the National Science Foundation

Undergraduate Research Participation Program. Thank you.l
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APPENDIX B

Abstract Submitted
for the Spring Meeting of the

American Physical Society
in Washington, DC

April 21 - 24, 1980

Reference: Bulletin of the American Physical Society 25, 548 (1980)

An Annealing Study of Indium-doped Silicon after
Electron Irradiation,*GEORGE K. MINER, University of

Davton.--Indium-doped silicon has been electron irradi-
ated in fluences ranging from 101 6 to 10' electrons per
square centimeter. An electron paramagnetic resonance
line near g - 2 was observed at room temperature and at
77 K. The intensity of the line was altered by the
1 MeV-electron bombardment and by subsequent annealing.
These measurements will be reported and discussed in

light of possible models,

*Supported in part by USAF Office of Scientific Research

and USAF Materials Laboratory.



"An Annealing Study of Indium-doped Silicon after

Electron bombardment."

There is much interest in the use of silicon in infrared detec-

tion. Generally it is desirable to develop detectors for the I to

25 micrometer range. Pure silicon is limited in its response to

wavelengths of 1.1 micrometers or less. In order to extend this

range, impurity atoms must be incorporated into the silicon. Some

dopants of interest include indium doped silicon for response in

the range 3 - 5 micrometers and gallium doped silicon for the 3 -

14 micrometer range. These extrinsic detectors may be used in a

monolithic integrated circuit technology. The recuirement that

the detector array have a uniform ability to detect and respond

from element to element dictates impurity uniformity, and the nre-

cise control of defects. Dopant concentrations range from 10 to

10l7 per cubic centimeter, and impurity concentrations are as low
12

as 10- per cubic centimeter. This requires careful materials

characterization, hence the present work on indium-doped silicon.

I would like to present preliminary results of electron para-

magnetic resonance (or EPR) measurements on one-MeV electron irradi-

ated indium-doped silicon. The experiment was initiated because

of reports by Swaminathan, Lang, Hemenger and Smith that the trans-

port properties of indium-doped silicon were altered by electron

irradiation. In their work they reported the observance of an

unknown level, also seen by others, and generally referred to as

the x-level. That group and other coworkers have now set out to

perform additional measurements that include optical and transport

studies. The present EPR study is coordinated with these experiments.



All the samples investigated in these experiments were cut from

a single boule of Float-zone indium-doped silicon. The EPR samples

were cut into wafers about one-half of a millimeter thick and had

a mass in the neighborhood of 50 milligrams. A total of ten samples

were studied. The treatment of the samples is shown in the first

slideJ Two each were irradiated at each of four electron fluences

ranging from 1016 to 1017 electrons per square centimeter. The

remaining two samples served as controls, one of which was annealed

with the irradiated samples. The irradiations were done on a 1 MeV

Van de Graaff accelerator with the samples exposed from both sides

of the wafer. All irradiated samples were maintained at liquid

nitrogen temperature until the first EPR measurements.

The samples were oriented so that the [I00]- direction was along

the magnetic field. The spectrometer used was an x- and Varian Model

4500 Series. Due to the weakness of the signals at room temperatv.re

and at liquid nitrogen temperature, signal averaging was employed.

Reasonable signals for most samples were collected in 25 sweeps.

For the measuring of g-values and relative intensities, a manganese

marker was permanently installed in the cavity. The next slide

shows that its location is such that the phase of its EPR line was

opposite to that of the unknowns. The marker has a line approxi-

mately 50 gauss down field from the observed silicon line near g =2

and was used for monitoring. The separation in gauss between the

reference line and the sample line could be measured accurately.

Also the height of the reference line was used in the measure of

relative intensity.

The annealing was done in a furnace with temperature control

as shown in the next slide.-- The samples were on a quartz boat in



a quartz tube and were bathed in an argon atmosphere during heating

and cooling. The samples were sandwiched between ultra-high purity

silicon wafers during anneal as pictured in the next slide. Only

half of the samples were annealed in the measureents reported

here. They included one from each electron fluence and one con-

trol. Nine thirty-minute anneals were done starting at 2500 C and

going in 100°C steps to 1050 C during the first annealing cycle.

During later cycles this scheme was varied. The furnace was

brought to temperature before the sample boat was inserted. At

the end of the half-hour anneal the quartz boat -was pulled to the

end of the quartz tube and kept in the argon atmosphere until its

return to room temperature. All samples were given an RCA wash

cycle before each anneal and were measured by EPR just afterwards.

The results of the electron bombardment of two samples at

each of four fluences is shown in the next slide.- The vertical

axis is the ratio of the silicon line intensity after irradiation

to the intensity before irradiation. The horizontal line near

the center is unity. The fluence is plotted on the horizontal

axis. Notice the good agreement between the two samples at each

fluence. The samples with the lowest fluence experienced approx-

imately a fifty percent increase in intensit y. The others all

decreased in intensity, the largest change noted in the second

largest fluence samples. Each point represents an average of

from three to six independent measurements at room temperature.

The irradiated samples were kept at 770 K until the first EPR

measurements. A series of measurements were made as a function

of time for several days thereafter to check for any room tem-

perature annealing. No systematic variation was observed

beyond the 17% experimental uncertainty estimated for the



relative intensity measurements. The same line was examined at

770K in several samples and the variation in intensity as a function

of temperature is displayed in the next slide.r- The intensity at

770 K is about eight times that at 300 0 K. The variation of inten-

sity .-ith temperature of anneal is sho;. in the next slide for

the crystal which received the smallest fluence of 1 0 b electrons

per square centimeter, the one with largest increase in intensity

during bombardment. Note that the intensity increases to 550 0 C and

then drcps abruptly above that temperature. The next slide' is com-

parable plot for the sample with 5 x 1016 electrons per square

centimeter, and the one with the largest decrease in intensity

during bombardment. The shape of this curve is similar with the

large peak at 550 0 C. The other samples, including the annealed

control, exhibit this peak at 550 0 C, but the others grow more slowly

with temperature, as for example the control in the next slide.'

Due to the observed increase and decrease in this line as

anneal temperature is increased, a second anneal cycle was run on

each crystal. For the 1016 per-square-cm sample, both anneal

cycles are shown in the next slide. Relative intensity is plotted

on the vertical and anneal temperature on the horizontal, and

repeated for the second cycle. Note that the Deak near 500 0 C is

five-times more intense on the second cycle. The same observation

is made in the 2-times-10 1 6 per-square-cm sample. The sample with

5 x 10 electrons per square cm is shown in the next slide-where

the second cycle peak is larger only by a factor of 3. In the

1017 per-square-cm sample the factor is about one.

Ti



i
The control shown in the next slide shows a much reduced peak

in the second cycle, but a partial recovery in a third cycle.

For comparison several other samples, both indium-doped and

relatively pure, were examined. They are identified in the next

slide- The first two are from two other boules and the last three

from a single boule. The next slide-shows an anneal cycle for

each of the indium-doped-but-not-electron-irradiated samples.

They both show the line and the growth of its intensity near 5000 C.

One of the undoped samples was taken through the anneal cycle and

the results are given in the next slide.- The results are similar

to the other samples. However the other two undoped samples were

taken directly to 550 0C for a 30-minute anneal. In each of these

two samples the line had disappeared after this anneal.

It was also observed that at higher anneal temperatures the

silicon line shifted to larger magnetic field values and thus

lower g-values. The shift in field loca tion is rather uniform.,

som e samples, for example the 5 x c7 sample in the next

e out not in others, for example zomzrCo .n the next

slide,-- There one could suggest that two cifferent lines are

observed at different temperatures.

The primary defects produced by one Me eletrcns in silicon

are isolated vacancies and self-interstitials. Eowever, at room

temperature these defects are very mobile and are probably not

significant in these measurements since the irradiations were per-

formed at room temperature. The samples were immediately stored

at 77 K until measurement, however, the lack of change in the EPR

spectrum as a function of time after elevation back to 300°K con-

firms that these primary defects are not important. The dominant

defects stable after room temperature irradiation are defect

~J4



complexes w'.:ch are produced when mobile primary defects are trapped

by impurities and other defects. Corbett has cataloged Well. over

some fifty such defects, most with an EPP, g-value near 2. T7hus

unique iden:4-fication is most difficult. One Dossibili4tv suzzested

bv the temperature dependence of the intensity is an a 1,,=4nu-

.,L.terstj-ti-alalumnum=-substitutional complex reported by Watkins.

it is unique in that it is formed at about 500 0 C and anneals away

at about 600 C, just as most of the intensity in our line, or lines,

does. A~dditional evidence for this defect comes from. the fact

zhat the transport studies have suggestec it'Iat an alunninum impurity

necessar,,: to explain the resistivityv and Hall effect da :.

.z~~zhe" -:s ltvi thne so-cal]ico T1-center-a :tEn~avaar.C- cluster.tl t grows a_-c.-e -l71_C following li Z)rati-o4r. of_ vacancies f-.om7 ?2-

centers. The P1-center anneals near 500 - 600 0C, consistent with

the dta. -Tis preliminary study has given us a general indication

of' What to expect in electron irradiated silicon. As we examine

::-e second set of samples via anneal, WE willook care-ful.x in

t e n E ghbo0rh-oo -d of. 50 for intensiz:v chianges, and at al! temper-

atures for shits in the g-value. In addi*ti-*on we wilat::emr: to

correlate our results with those of the optical and transpcrt

properties. Thank you.
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APPENDIX C

Abstract Submitted

for the Spring Meeting of the

Ohio Section of the American

Physical Society

May 9 - 10, 1980

Reference: Bulletin of the American Physical Society 25, (1980)

EPR Measurements in Silicon Doped with Boron,

Gallium, or Indium Acceptors.* JOHN N. MEDER' AN
GEORGE K. MINER, Univ. of Dayton.--We report electron
paramagnetic resonance measurements on silicon doped
with several acceptors. They include boron, gallium,

and indium, with the boron introduced both during
float-zoning and by implantation. A line near g = 2
was observed in each sample at room temperature and

at liquid nitrogen temperature. The effects of various

heat treatments will be described and discussed.

*Supported in part by USAF Office of Scientific Research
and USAF Materials Laboratory.
t NSF Undergraduate Research Participant.



"EPR Measurements in Silicon Doped with Boron,

Gallium, or Indium Acceptors"

First Slide (1). Silicon materials are used in a wide range

of applications. Included are uses as different as infrared de-

tection and solar collection. Since pure silicon material is

limited in its response to wavelengths of 1.1 micrometer or less,

impurity atoms are normally introduced to extend the range. For

example, indium provides response in the 3-5 micrometer range and

gallium provides response in the 8-14 micrometer range. For use

in detector arrays, uniform detection ability is needed and thus

careful study of these materials is needed. We would like to

report preliminary electron paramagnetic resonance or (EPR)

measurements at room temperature on silicon prepared in four

different ways with acceptor dopants. These will be compared

with an undoped material and a donor doped material. A survey

of the materials studied is given in the next slide. (2)

All samples were oriented so that the [100]-direction was

parallel to the magnetic field. The spectrometer used was an

x-band Varian Model 4500 series. As the signals at room temper-

ature were weak, signal averaging was employed. All traces made

were the result of 25 sweeps.

For measuring the g-values and the relative intensities of

the sample, a permanent manganese marker was installed in the

cavity such that the phase of the signal from it was inverted

tu that of the sample. Manganese has a six line hyperfine spec-

turm, the third and fourth of which appear in the next slide (3).

The separation of these two lines is 86.9 ± 0.2 gauss. The

observed line of each sample was found 44 to 52 gauss up field
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from the third m.anganese line, near g = 2, and the exact location

of a particular line was also used as a reference in intensity

calculations.

The annealing treatments were done in a Blue M Stable Glow

Furnace with temperature control, as shown in the next slide (4).

The samples were sandwiched between high purity silicon wafers

and placed on a quartz boat. The boat rested in a quartz tube,

through which a slight overpressure of argon gas flowed. Temper-

ature was monitored with a thermocouple placed by the boat. The

cuartz tube extended beyond the furnace and had an opening at one

end so that the boat could be pulled out of the furnace to cool

quickly in the argon atmosphere

Samples with all six different dopants were annealed in 1000

steps from 2500 to 750 0 C. All anneals lasted one-half hour.

Anneals up to 1050°C in 100 0 C increments, 250 0 C zc 750 0 C in a

second cycle and a third cycle were done on the indium dcped

material.

in this slide (5), the g-value for the observed samDle line

for room temperature measurements is given for each of the samples.

INote the extreme similarity of the g-value for the four acceptor
dopants, crystals 1-4. No line was observed in the undoped crystal

at room temperature. The g-value for the donor was significantly

lower. This slide (6) shows the relative intensity, per unit mass,

of the six samples. Note that the donor sample (Phosphorous) was

considerably higher in intensity than the four acceptor doped sarmples.

The following series of overheads shows the intensity results of

annealing studies on each of the six dopants. On the vertical axis

is the relative intensity, scaled to be maximum intensity observed

for that sample. This overhead (7) shows the annealing studies

I 9 .-31 1



results for both boron doped samples, the boron-implanted data

shc,. in triangles. Note the close correspondence of the

two sets of data. Also shown is a sample error range, at about

17. A similar plot for the gallium doped sample is shown in

this slide (8). The pattern is opposite of the boron, increasing

up to 350 0C and decreasing thereafter.

This slide (9) shows annealing treatments on indium doped

silicon, which as mentioned earlier, were much more extensive.

-he annealing temperatures are plotted in the order in which they

,-:ere done, that is the first cycle, separated by the slash, then

the second cycle, senarated by a slash, then the third. Note

that the intensity in the line at 550 0 C in the first cycle is not

observed in the second cycle, and than that intermediate intensities

are observed at all temperatures in the third.

This slide (10) shows a similar plot for the undoped sample.

Note that a line was observed after annealing at 250 0 C, and that

the intensity increased until 350 C and remained fairly constant

thereafter. An identical crystal, annealed directly to 550 0 C

developed nc such line, as is plcttecd -':ne triangles. :his slide

(11) shows a similar plot for the donor dopant (phosphorous).

It also increased in intensity at the higher annealing temperatures.

The following three overheads present data on the shifting

of the observed line in field position at different annealing

temperatures. Again, the temperature of anneal is plotted on the

horizontal axis. The g-shift is plotted on the vertical axis. It

is plotted as the number of gauss upfield from the 3rd manganese

line where the sample line was found. A shift in the sample line

to higher field was observed in all samples, but the increase

did not always occur in the same way.



This slide (12) shows data for both boron doped crystals.
The line position remained fairly constant until the anneals at

,.50 0 C and 550°C. Note again the close correspondence between

these two samples. This slide (!3) shows a similar plot for gallium.

Here the increase occured during the 2500 C and 350 C anneals

and leveled off at higher temperature anneals. This slide (14)

shows the data for phosphorous, and here most of the increase

in field position occured at lower temperature anneals, also.

Within experimental uncertainty,: the g-values of all four

accepter crystals at room temperature are the same. Hence it is

likely, -hat the same defect in all four samples causes the ob-

served line. This would lead one to suspect the line is caused

by conduction electrons, although the known g-value is lower than

the g-value observed.

Another possibility is dangling bonds due to internal voids.

The known g-value of dangling bonds is slight-  ower at2 .0055,

(vs 2.0059) and the expected width of such a line is 6-7 gauss,

which agrees very well with our data.

The g-values for the donor-doped silicon are much smaller, at

about 2.0026. This is fairly close to the g-value of the so-called

P1 center, a pentavacancy cluster at 2.0020. P1 grows above about

170 C following the liberation of vacancies from the P-3 centers.

The P1 center anneals out at about 500CC - 6000 C. This is consis-

tent with our data.

Annealing of acceptors in general lowered g down to the donor

level value. This was very similar to the shift in the line during

anneals of electron-irradiated, indium doped silicon, which was

examined in an earlier study. There the line shifted from g - 2.0058

to g =2.0026.



A great many defects in silicon have been observed; for example

Corbe:t has identified over 50 such defects, most near g = 2.

This makes identification of a line in this range difficult. Further

anneals on these samples and annealing experiments on other silicon

samples will be done to investigate further the above possibilities.

Thank you.
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